Genetic data are currently providing a large amount of new information on past distribution of species and are contributing to a new vision of Pleistocene ice ages. Nonetheless, an increasing number of studies on the 'time dependency' of mutation rates suggest that date assessments for evolutionary events of the Pleistocene might be overestimated. We analysed mitochondrial (mt) DNA (COI) sequence variation in 225 Parnassius mnemosyne individuals sampled across central and eastern Europe in order to assess (i) the existence of genetic signatures of Pleistocene climate shifts; and (ii) the timescale of demographic and evolutionary events. Our analyses reveal a phylogeographical pattern markedly influenced by the Pleistocene/Holocene climate shifts. Eastern Alpine and Balkan populations display comparatively high mtDNA diversity, suggesting multiple glacial refugia. On the other hand, three widely distributed and spatially segregated lineages occupy most of northern and eastern Europe, indicating postglacial recolonization from different refugial areas. We show that a conventional 'phylogenetic' substitution rate cannot account for the present distribution of genetic variation in this species, and we combine phylogeographical pattern and palaeoecological information in order to determine a suitable intraspecific rate through a Bayesian coalescent approach. We argue that our calibrated 'time-dependent' rate (0.096 substitutions/ million years), offers the most convincing time frame for the evolutionary events inferred from sequence data. When scaled by the new rate, estimates of divergence between Balkan and Alpine lineages point to c. 19 000 years before present (last glacial maximum), and parameters of demographic expansion for northern lineages are consistent with postglacial warming (5-11 000 years before present).
Introduction
According to a widely recognized paradigm, temperateadapted species, presently distributed across most of Europe, were able to persist through cold/arid stages of the Pleistocene within a few sheltered refugia, where suitable habitat conditions were maintained (Hewitt 2000; Schmitt et al. 2007) . The geographical distribution of genetic variation within species depends on (i) how organisms responded to cycles of habitat expansion and contraction associated with the glacial cycles; (ii) the number, size and location of refugia; (iii) the connectedness among populations; and (iv) dispersal distance and the rate of recolonization (Hewitt 2004) . Accurate understanding of the impact of glacial episodes provides insights on evolutionary processes such as speciation (Santucci et al. 1998; Hewitt 2004) , and may offer essential data on the genetic and ecological framework of current threats to biodiversity (Schmitt & Hewitt 2004) .
Insects, and butterflies in particular, are highly sensitive to environmental change, as a result of their specialized ecology and coarse-grained perception of habitats. Moreover, butterflies are among those groups of organisms whose distribution has been studied the most across time, so that an extensive and detailed amount of data is available (Parmesan et al. 1999; Kudrna 2002) . For this reason, they are particularly suited to serve as indicators of ecosystem response to climate variation (Parmesan et al. 1999; Araujo & Luoto 2007) . On one hand, knowledge about past effects of habitat change may provide information on future tendencies (DeChaine & Martin 2005) . On the other hand, phylogeographical patterns and demographic trends may be associated, through the relationship existing among genetic diversity, adaptation of gene pools to local conditions and demographic stability (Schmitt & Hewitt 2004) . Despite its high potential relevance, the phylogeography of European butterflies in relation to the effects of Pleistocene ice ages is still not thoroughly known. With a few very recent exceptions (Wahlberg & Saccheri 2007) , most past research relied on allozyme data (Cassel & Tammaru 2003; Habel et al. 2005; Schmitt et al. 2006 Schmitt et al. , 2005 Schmitt 2007) , which, though they may enlighten genetic diversity and geographical structure of populations, generally lack the power to provide information on past demographic history and the timescale of evolutionary phenomena.
The analysis of DNA sequences allows one to estimate parameters of demographic and evolutionary models, including mutation rates and divergence times of genetic lineages and populations. Accurate estimation of the timing of evolutionary events can be important for understanding those factors that influenced Pleistocene population dynamics (Shapiro et al. 2004) . However, translating estimates of model parameters into an absolute timescale implies that reliable substitution rates can be applied. Studies of Pleistocenerelated population dynamics have often relied on substitution rates obtained from comparisons between species (De Chaine & Martin 2004; Deffontaine et al. 2005; Kotlík et al. 2006; Ursenbacher et al. 2006 ). Yet, several findings suggest that substitution rates estimated from within-population and within-species data tend to be much higher than those measured from between-species divergence (Parsons et al. 1997; Sigurðardottir et al. 2000; Troy et al. 2001; Lambert et al. 2002) . Ho et al. (2005) argued that, when recent (< 1-2 Ma) events are used to calibrate the molecular clock, an inverse relationship can be observed between the age of calibration and the estimated substitution rate. These authors referred to this relationship as a 'time dependency' of mutation rates (see also Wayne et al. 1991; Garcia-Moreno 2004; Ho & Larson 2006; Pulquério & Nichols 2006) . The biological causes of this effect are still partly unexplained (Ho et al. 2005 (Ho et al. , 2007b . Nonetheless, if this hypothesis holds [as recently reasserted by Ho et al. (2007a, b) , though disputed by Emerson (2007) and Bandelt (2008) ], the extrapolation of molecular rates across evolutionary timescales may have led to a systematic overestimation of molecular dating of Pleistocene events (Saarma et al. 2007) .
A straightforward method to obtain a substitution rate from individuals within the species/population of interest is to use dated ancient sequences (Saarma et al. 2007) . This is, of course, only possible when well preserved subfossils are available, which can very hardly be the case when dealing with insects. Without a reliable fossil record, genealogies can be calibrated by introducing hypotheses drawn from palaeoecological or historical evidence and geographical distribution of lineages (Waters et al. 2007) .
This paper presents an analysis of sequence variation in a 931 bp segment of the mitochondrial genome of 225 individuals of the Papilionid butterfly Parnassius. mnemosyne (Linnaeus 1758), sampled across its central/eastern European range.
P. mnemosyne is a Centroasian-European Papilionid butterfly. In continental Europe, the species occurs in a varied set of ecotonal wooded habitats (meadows and forest edges). The larval food plants are different species of Corydalis (Fumariaceae), which are generally adapted to moist, fertile soils and mostly grow at forest margins or under tree canopies (Descimon & Napolitano 1993; Konvicka & Kuras 1999; Bergström 2005; Kuusemets et al. 2005) .
The first aim of this study is to assess the phylogeographical structure of the species and the existence of traces of past demographic events consistent with cycles of range contraction and expansion associated with Pleistocene climate shifts. Subsequent analyses are then devoted to establish a coherent timescale for demographic and evolutionary events inferred from mtDNA sequence variation. Our phylogeographical analyses are compared with geological and palaeoecological evidence in order to provide an internal calibration of the molecular clock, which is used to estimate the rate of molecular evolution of analysed sequences. Estimates and credibility intervals of demographic and evolutionary parameters are obtained within a coalescent-based Bayesian framework.
Materials and methods

Sampling and molecular techniques
The present study is part of a wider project covering the whole range of Parnassius mnemosyne and including over 400 individual samples. The central-eastern European range of the species has been extensively sampled, with 225 individuals analysed from 92 locations (Fig. 1c, Appendix I ). Most specimens were obtained from private or museum collections, while a minor fraction of the Italian and Polish samples were collected by the authors (authorization by Italian Ministry of Environment DPN/2D/2005/21020 and Polish Ministry of Environment DOPogiz-4200/I-05/9168/05/aj, DOPog-4201-02-40.1/05/aj, DOPogiz-4200/I-01/1618/06/ aj). In order to avoid possible errors from incorrect specimen labelling, samples from overlapping geographical locations were gathered from multiple collections.
Genomic DNA was extracted from a single leg of each individual, and approximately 1000 bp of the mitochondrial cytochrome oxidase subunit I gene (COI) were amplified and sequenced, under variable conditions already described by Konopi6ski (2008) and Gratton (2006) . The computer program sequencher version 4.1 (Applied Biosystems) was used to check, edit and automatically align sequences.
Phylogenetic analyses
For the purpose of phylogenetic reconstruction, sequences were collapsed into haplotypes using tcs version 1.18 (Clement et al. 2000) and analysed employing a maximumlikelihood (ML) approach. The software modeltest (Posada & Crandall 1998) was used to select the model of evolution and the ML phylogeny was determined by the search algorithm implemented in treefinder (Jobb et al. 2004) . Statistical support for reconstructed edges was computed in treefinder by applying the Shimodaira-Hasegawa test (Shimodaira & Hasegawa 1999 ) to all local rearrangements of tree topology around each of the edges (LRSH). Genealogical relationships of central-eastern European COI haplotypes have also been evaluated by the Median-joining (Bandelt et al. 1999 ) approach implemented in network version 4.111, with default settings.
Test of demographic equilibrium, selection, and mismatch analysis
Demographic equilibrium in different sets of sequences was tested by calculating F S (Fu 1997) and R 2 (Ramos-Onsins & Rozas 2002) statistics, which have been shown to be the most powerful tests of population expansions (Ramos-Onsins & Rozas 2002) . arlequin version 3.0 (Excoffier et al. 2005) and dnasp version 4.0 (Rozas et al. 2003) were employed to compute F S and R 2 , respectively, and test their statistical significance by generating random samples (10 000 replicates) under the null hypothesis of selective neutrality and constant population size using coalescent algorithms (both modified from Hudson 1990) . P-values for the two statistics were obtained as the proportion of random values smaller than or equal to the observed values.
Expected mismatch distribution and parameter of sudden expansion τ = 2μt were calculated using arlequin version 3.0 by a generalized least-square approach (Schneider & Excoffier 1999) , under both models of pure demographic expansion and spatial expansion (Ray et al. 2003; Excoffier 2004) . The probability of the data according to the given model has been assessed by goodness-of-fit test implemented in arlequin version 3.0. Parameter confidence limits were calculated using the same software package through a parametric bootstrap calculating simulated parameter values for 1000 random samples.
Evidences of selection independent of demographic trends were evaluated using the McDonald-Kreitman test (McDonald & Kreitman 1991) as implemented in dnasp version 4.0 (Rozas et al. 2003) . The test is based on comparison of synonymous/nonsynonymous substitutions ratio within lineages and among fixed differences between lineages. The analysis was performed on all pairs of reciprocally monophyletic lineages identified in our data set. In order to carry out the McDonald-Kreitman test on the whole data set, 47 sequences (16 haplotypes, GenBank Accession numbers: EU092983-EU092996, EU093015, EU093017) belonging to a highly divergent lineage of P. mnemosyne occurring in southwestern Europe (Gratton 2006) were employed as an outgroup.
Bayesian estimation of time to most recent common ancestor(s) and demographic reconstruction
We estimated divergence times among sets of sequences and their associated credibility intervals by a Bayesian coalescent approach implemented in beast version 1.4.6 (Drummond & Rambaut 2007) . Markov chain Monte Carlo (MCMC) simulations were run under the HKY + Γ + I model of evolution, selected by modeltest analyses. A relaxed uncorrelated lognormal molecular clock model (Drummond et al. 2006) was firstly applied, in order to appraise the clock-like behaviour of the data. However, since sampled marginal posterior probability distribution of both standard deviation and coefficient of variation of substitution rates among tree branches abutted against 0 (not shown), a simpler strict clock model was used in subsequent analyses. All simulations were run for 20 million generations, sampling every 2000. Results of four independent runs were eventually loaded and combined in tracer version 1.4 (Drummond & Rambaut 2007) to check for their convergence, determine burn-in, and assess effective sample size of relevant parameters.
Since evidences of population expansions were provided by F S and R 2 tests, a Bayesian Skyline Plot (BSP: Drummond et al. 2005) model was firstly applied, in order to explore the demographic information contained in the data. In fact, as the BSP prior allows for multiple changes in population size, it may be expected to represent the demographic history of populations exposed to dramatic environmental changes such as those occurred in Europe through Pleistocene and Holocene. Moreover, BSP coalescent analysis provides estimates of population size through time, which can in turn allow for evaluation of demographic trends. A second analysis was run under a simple constant-size coalescent model, and relative fit of different demographic models to the data was determined by calculating approximated Bayes factors via estimation of marginal likelihoods from the tree likelihood trace, using the algorithm implemented in tracer version 1.4 (Newton & Raftery 1994; Suchard et al. 2001) .
Calibration of molecular clock
We chose to calibrate our temporal analysis by introducing in our beast analysis a prior hypothesis on the coalescence time of a given sequence set, based on geological and palaeoecological evidences, as well as on results from our phylogenetic analyses. A calibration point was provided as a narrow uniform prior on the time to Most Recent Common Ancestor (tMRCA) of a well defined phylogeographical unit, whose monophyly was enforced in the analysis (see Results section). An uninformative uniform prior (0-100) was assigned to the substitution rate parameter.
Estimation of population split parameters
A Bayesian coalescent method was applied to estimate parameters of the isolation with migration (IM) model of population divergence (Nielsen & Wakeley 2001; Hey & Nielsen 2004 ). The model assumes that an ancestral population splits into two descendant populations with gene flow possibly continuing between the diverging populations. Since evidences of population expansion were provided by F S and R 2 tests, a divergence model allowing for independent changes in population sizes (Hey 2005) was applied.
We used the im program (Hey & Nielsen 2004 ) to run MCMC simulations, assuming the HKY model of sequence evolution. The method estimates posterior probability distributions for demographic parameters including divergence time (t), two-directional gene flow rates and effective population sizes of current and ancestral populations. Uniform prior distributions of parameter ranges were empirically determined to ensure that the posterior distributions fell completely within the prior distributions . The peaks of the posterior distributions were thus taken as maximum likelihood estimates of the parameters (Nielsen & Wakeley 2001; . Marginal posterior probability histograms of parameter estimates were scaled by the median evolutionary rate obtained in the previous analysis. Seven independent runs with the same prior distributions were carried out, each of them run for 10 000 000 generations and preceded by a burn-in period of 1 000 000 generations. Results were then combined by summing up marginal posterior distributions of the parameters.
In order to avoid any arbitrary definition of the populations whose divergence parameters were to be estimated, population boundaries were defined by the Spatial Analysis of Molecular Variance (SAMoVa) implemented in the program samova version 1.0 (Dupanloup et al. 2002) . This is an approach to define groups of populations that are geographically homogeneous and maximally differentiated from each other. As a by-product, it also leads to the identification of genetic barriers between these groups. The method is based on a simulated annealing procedure that aims at maximizing the proportion of total genetic variance due to differences between groups of populations.
Results
A complete alignment of 931 bp of the COI gene was obtained for all of the 225 analysed individuals. This fragment corresponds to position 271-1201 of the Drosophila melanogaster COI reference sequence (GenBank Accession NC_001709). The 225 gene copies yielded 53 unique haplotypes, whose sequences have been submitted to the NCBI GenBank nucleotide database (Appendix I).
Maximum likelihood phylogeny and network analysis
HKY + Γ + I (Hasegawa et al. 1985) was selected as the preferred model of evolution by both hierarchical Likelihood Ratio test and Akaike Information Criterion (Ti/Tv = 22.75, α = 1.32; proportion of invariants = 0.86). Figure 1(a) shows the maximum likelihood phylogeny of the 53 central and eastern European Parnassius mnemosyne haplotypes, rooted at midpoint. Though only a few of the nodes receive support over a 95% threshold, all clades display a well defined geographical distribution (Fig. 1c) , thus indirectly corroborating the phylogeographical relevance of the inferred topology.
The most divergent monophyletic clade (A, shown in grey in Fig. 1 ) is geographically restricted to the southern slopes of Eastern Alps. Two haplotypes are not closely related to any other and were regarded as independent lineages B (brown) and T (dark green), carried by southern Austrian and southern Greek samples, respectively. Haplogroup G (light green) includes sequences from Greece and neighbouring Republic of Macedonia, and haplogroup C (cyan) contains three haplotypes found in a few eastern Alpine samples from Austria, Slovenia and Italy. Sequences sampled outside the Alpine region and the Hellenic Peninsula belong to either of two geographically widespread clusters, whose distributions barely overlap. Haplogroup W (blue) characterizes the Central European samples, being found in Germany, Austria, Slovenia, Czech Republic, western Slovakia and Hungary, northeastern Italy and the Åland Islands, in the Baltic Sea. All 25 haplotypes found across eastern Europe, from Bulgaria and Croatia up to Finland and the Ural mountains, are included in the large lineage E (purple + orange + red + pink in Fig. 1 ). Haplotypes sampled north and east of the Carpathian region form two subclades: EN (orange), comprising most sequences from the Baltic region, and occurring also in Hungary and northern Russia, and EE (red + pink), which is distributed through eastern Europe from Hungary to the Ural and Caucasus ranges.
The Median-Joining network (Fig. 1b) displays a phylogenetic structure highly consistent with the ML tree. When network loops (dashed connections) are resolved in accordance with ML topology, the resulting genealogy also fits criteria based on frequency, topology and geography suggested by Pfenninger & Posada (2002) . The only remarkable exception concerns a network loop involving haplotype 1.28 (black arrow in Fig. 1b) , which was sampled in a single Ukrainian individual. In this ambiguous case, we preferred the link of this rare haplotype to the most frequent haplotype found in the same area (Pfenninger & Posada 2002) , despite the topology indicated by the ML tree. Haplotype 1.28 was therefore included within haplogroup EE in all subsequent analyses. Since 1.28 occurs in a single copy, this choice is unlikely to have had a major effect on our results. Within lineage E, two haplotypes, namely 1.20 (found in a single Bosnian location) and 1.25 (widely distributed across the Balkan Peninsula and the Pannonian/western Carpathian region), occupy a basal position and are crowned by some rare descendant haplotypes and the two star-like haplogroups EN and EE. Within group EE, a separate subclade (ER, pink) can be distinguished, which is exclusive to Russian samples.
Test of demographic equilibrium, selection, and mismatch analysis
The null hypothesis of constant population size is rejected for northern lineages W, EN, EE and for the eastern European lineage E as a whole, as all of them exhibit highly significant F S values and significant (or marginally nonsignificant) R 2 values (Table 1) . Signal of past demographic expansion (F S = -25.4, P < 0.001; R 2 = 0.045, P = 0.066) is also detected when all sequences are pooled together. Haplogroups restricted to the eastern Alps, A and C, do not show significant F S and R 2 values. Mismatch distribution of haplogroups showing significant F S values was examined according to both a pure demographic expansion and a spatial expansion model (Table 1) , and in both cases goodness of fit tests did not show significant deviations from expected distributions. Results for the parameter τ, which is proportional to the time elapsed since sudden expansion took place, are not substantially different under the two models: the Northeastern haplogroups EN and EE show the lowest estimated values (from 0.71 to 0.83), while haplogroup W exhibits a slightly higher value (τ = 1.24).
No significant deviation from selective neutrality is detected by the McDonald-Kreitman test (Fisher test P-values range from 1.00 to 0.12). In fact, only nine nonsynonymous substitutions can be scored in the whole data set, and none of them is fixed between any pair of reciprocal monophyletic lineages. Therefore, our sequences probably lack adequate information to assess the effects of selective pressure.
Bayesian estimation of time to most recent common ancestors and demographic history
The eastern Baltic area (northern Poland, Lithuania, Estonia, northwestern Russia and Finland) had been covered by the Scandinavian ice sheet until 14 500-12 000 years BP (Rinterknecht et al. 2006) and no significant deposit of arboreal pollen in this region is older than 12 000 years BP (Huntley & Birks 1983) . Colonization by P. mnemosyne is very unlikely to have occurred before the appearance of pioneer tree genera such as Alnus, with which the species is often presently associated (Kuusemets et al. 2005) . The most ancient records of Alnus pollen from the Baltic region have been dated back to about 11 000 years BP (Huntley & Birks 1983) . Virtually all sequences sampled in the region belong to lineage EN, which is represented elsewhere only in Central Hungary, where only the basal haplotype 1.21 occurs. This provides evidence to hypothesize that the mitochondrial diversity today encountered in the Baltic area arose in loco after postglacial colonization. This assumption was introduced in the analysis in the form of a narrow uniform prior (10-11 000 years BP) on the tMRCA of Baltic sequences belonging to lineage EN, whose monophyly was enforced. Different MCMC simulations were run both with and without the inclusion of the two Hungarian sequences belonging to lineage EN in the monophyletic clade. This procedure was adopted to reflect the two possible scenarios of secondary contact and colonization taking place from the Pannonian-Carpathian region by individuals carrying haplotypes belonging to the pre-existing lineage EN. However, since the results under the two hypotheses were very similar, we chose to discuss only those obtained under the second scenario, which seems more biogeographically realistic.
Reconstruction of the Bayesian Skyline Plot (BSP, Fig. 2 ) shows small and nearly stable population size in the first stages, followed by very strong demographic expansion starting c. 10 000 years BP. Nonetheless, credibility intervals of pre-expansion and final population size are partially overlapping. Indeed, the Bayes Factors analysis significantly supports the constant-size tree prior (log 10 BF = 5.468), indicating that our sequence data are better analysed under this simpler model, whose results are therefore discussed in the following sections. Estimated posterior distributions of relevant parameters, however, are very similar under both models (Fig. 2, Table 2 ), thus suggesting low sensitivity of our estimates to the coalescent tree prior.
Our coalescent analyses returned a bell-shaped marginal posterior probability distribution for the molecular evolution rate parameter (Fig. 2) , with a median value of 0.096 substitutions per site per lineage per million years (mean 0.107), and equally tailed 95% Highest Posterior Density (HPD) spanning from 0.029 to 0.210.
Estimates of the time to Most Recent Common Ancestor (tMRCA) and complete marginal posterior probability distributions are presented in Table 2 and Fig. 2 . The highest probability for the tMRCAs of clusters EE and W are close to the enforced interval for lineage EN, indicating close-intime start of diversification within northern lineages. Our results also indicate that the establishment of the whole eastern lineage (E) dates back to c. 30 000 years BP and the most recent common ancestor of all analysed sequences back to about 60-70 000 years BP. 
Estimates of population split parameters
Lineages E and W display distinct geographical distributions with very narrow overlap (Fig. 1) , thus suggesting a marked degree of historical isolation between Balkan/eastern European and central European populations, with limited and likely recent mitochondrial gene flow.
The Bayesian method implemented in the IM program was used in order to evaluate the hypothesis that the isolation of populations occupying the aforementioned areas and carrying distinctive mtDNA lineages can be related to the occurrence of the arid/cold stage of the LGM (22-14 000 years BP). SAMoVa analysis was used to identify nonsubjective boundaries of the eastern European and Central European populations (Fig. 3b) . The samples thus obtained include 55 and 135 gene copies for the Central European and eastern European populations, respectively.
Figure 3(a) shows the estimated marginal posterior probability distribution for the divergence time of the two populations under the isolation with migration (IM) model. The divergence time is quite well resolved, with posterior distribution that has a distinct peak and bounds that fall within the prior distribution. The position of the peak indicates a population split at 19 000 years BP, with 95% equally tailed Highest Posterior Density (HPD) spanning from 6500 to 49 500 years BP.
Discussion
Genetic signatures of climate shifts
Mitochondrial sequences analysed in this study revealed a strong phylogeographical structure (Fig. 1) . Most of the present range of Parnassius mnemosyne is made up of areas characterized by a single lineage. Distinctive haplogroups characterize samples from the Hellenic Peninsula, Central Europe, the Baltic area and the regions east of the Carpathian range. Eastern Alps represent an area of high genetic diversity, where the divergent clade A and lineages B and C are exclusively found, along with widespread lineage W. A relatively small area, running from southern Greece along the Balkan ranges and extending into the Pannonian Plain up to the slopes of the Alps and the Carpathians, includes all main lineages identified in the phylogenetic analyses. Within the highly diverse eastern lineage E, MJ network highlights a similar pattern, as all eight lineages departing from the basal haplotypes can be found within the Balkan/Pannonian area, and only two of them (subclades EN and EE) also occur elsewhere. Balkan Peninsula and the perialpine region appear as areas of high genetic diversity and of strong differentiation among populations, contrasting with the low diversity of the northern and eastern regions, where very large areas are dominated by a few lineages. The observed distribution of mitochondrial diversity is therefore just as expected if the species survived glacial stages within refugia in the Balkan Peninsula and the perialpine region and recently expanded its range to colonize formerly inhospitable areas north and east of the Alps and Carpathians (Hewitt 2000 (Hewitt , 2004 . Genetic signatures of recent demographic expansion are evidenced by F S and R 2 tests and mismatch analysis of most haplogroups sampled outside the Alpine region. Distinct star-like patterns are also observed in the MJ network of widely distributed 'northern' lineages W, EN and EE, suggesting demographic expansion associated with spatial expansion.
Rate of molecular evolution and a time frame for demographic and evolutionary history of P. mnemosyne Application of the 'conventional' phylogenetic mitochondrial substitution rate of about 0.01/Ma (Brower 1994; DeChaine & Martin 2004; Quek et al. 2004; Ho et al. 2005) to the observed values of the mismatch parameter τ = 2μt would imply strong demographic expansion of northern populations (lineages W, EN and EE) 67-38 000 years BP. Even when the lower 5% credibility limits were considered, our data would place the expansion of lineages W and EE earlier than 46 and 30 000 years BP, respectively, and the expansion of lineage EN earlier than 12 000 years BP. Furthermore, the application of this rate to our reconstructed BSP would signify uninterrupted demographic growth of the Central/eastern European populations of Parnassius mnemosyne through the last 90 000 years, or at least 30 000 years.
Reconciling a phylogeographical and demographic pattern matching the expectations of an 'expansion from refugia' model with these dates is indeed very difficult: using the 'conventional' mitochondrial rate, we should indeed conclude that the species was able to expand north and east of the Carpathians well before the LGM and never suffered any negative demographic effect from environmental conditions associated with glacial stages. Moreover, a demographic expansion about 40 000 years BP (with less than 5% probability < 12 000 years BP) would be inferred for populations inhabiting the Baltic region (lineage EN), which was glaciated up to 14-12 000 years BP. Therefore, we argue that the use of the 'conventional' rate implies significant overestimation of the dates of demographic events, as expected under the 'time dependency' hypothesis of Ho et al. (2005) . In fact, our Bayesian analysis performed under the assumption of colonization of the Baltic area 10-11 000 years BP, returned a substitution rate estimate about 10-fold higher (95% CI from 3-fold to 20-fold) than the 'conventional' phylogenetic rate.
The only strong assumption under our molecular clock calibration is that the genetic diversity of Baltic sequences belonging to lineage EN arose in loco and does not result from immigration from other regions. Indeed, sequences from the Baltic area bear genetic traces of a founder event followed by demographic expansion, in the form of a unimodal mismatch distribution, star-like network configuration and significant negative value of the F S statistic (and nearly significant value of R 2 ). Since present distribution of P. mnemosyne indicates that the species only occurs nearby wooded areas, our (conservative) prior of 10-11 000 years BP for the colonization of the Baltic area is based on the presence of significant deposits of arboreal pollen in the area (Huntley & Birks 1983) . Nonetheless, even if the absence of an ice sheet were a sufficient condition for the butterfly to thrive, this would only date back the first possible time for colonization to 12-14 000 years BP (Rinterknecht et al. 2006) . Moreover, very similar estimates of the evolutionary rate were obtained under both a constant-size model and a model which allows for demographic change (BSP). Therefore, our comparatively high rate is not imputable to the application of a constant population model to sequences sampled from an expanding population (Ho et al. 2007b) . Our results place the minimum credibility limit for the COI evolutionary rate at 0.03/Ma, which is at least twice as large as the majority of arthropod phylogenetic mitochondrial rates found in literature (Knowlton & Weigt 1998; Schubart et al. 1998; Caccone & Sbordoni 2001; Farrell et al. 2001) . Therefore, setting aside an unlikely idiosyncratic anomaly of mutation rates in Parnassius, we argue that our findings bring new support to the 'time dependency' hypothesis.
Indeed, the mean mutation rate that we have calibrated, relying on assumptions about the colonization of the Baltic area, provides a sensible time frame for all other demographic and evolutionary events inferred from the mtDNA sequence data. When scaled by our median rate of 0.096/Ma, values of τ from mismatch analyses indicate climax of demographic expansion at 7-5000 years BP in the northernmost lineages (W, EE, EN) and 11 000 years BP for the Balkan-based lineage E. Moreover, the calibrated BSP (Fig. 2) shows a dramatic increase in population size starting about 10 000 years BP, which can be straightforwardly interpreted as driven by improved environmental conditions of the Holocene.
We also applied our median rate to the analysis of divergence between eastern and central European populations. These populations are characterized by different mitochondrial lineages (see Figs 1 and 3) whose centres of diversity can be approximately located in the Balkan/ Carpathian (lineage E) and northern/eastern perialpine (lineage W) regions. Since palaeontological and genetic evidence demonstrated the existence of temperate LGM refugia in those regions (Kotlík et al. 2006; Stewart & Lister 2001; Willis & van Andel 2004; Sommer & Nadachowski 2006) , the most straightforward explanation to the observed phylogeographical pattern is that these populations originated from separate refugial areas. In fact, our calibrated results (Fig. 3a) indicate that the divergence of the two populations occurred with preponderant probability within the last glaciation, with the maximum likelihood estimate of the split time exactly matching the LGM.
A reconstruction of Pleistocene population history of P. mnemosyne
Previous phylogeographical analyses showed that mitochondrial sequences sampled from eastern Alps through northern and eastern Europe belong to a monophyletic clade, and might well specify a distinct evolutionary unit (Gratton 2006) .
According to the estimated tMRCA of the whole data set (Fig. 2, Table 2 ), the origin of all central/eastern European mtDNA lineages of P. mnemosyne may be traced to the first full-glacial stage of the Würm period (peaking c. 65 000 years BP), and almost certainly within the glacial period. The presence of distinctive lineages in the Hellenic Peninsula, Balkans and eastern Europe, and in the perialpine region ( Fig. 1) is suggestive of later fragmentation (Fig. 4) . Actually, the estimate of divergence time between populations carrying mitochondrial lineages W and E (Fig. 3) supports isolation in different refugia during the LGM 22 000-14 000 years ago.
The parapatric distribution of Alpine lineages A, B, C and W might indicate multiple eastern Alpine refugia (Fig. 4) . The Balkan area is likely to have harboured a quite large population even during most arid and cold stages, or to have started a northward expansion close in time with the earliest climate warming, as indicated by the comparatively deep coalescence of sequences belonging to lineage E (Table 2, Fig. 2) . No neat sorting of mitochondrial lineages is observed between northern and southern regions of the Balkan/Pannonian area (though only ancestral haplotypes are shared), and relatively high genetic diversity is found in both Bulgarian and Hungarian/Slovakian samples, thus suggesting that habitats near the Balkan and Carpathian ranges may have been connected in a sort of 'meta-refugium'.
Since our results indicate that the common ancestor of all lineages lived during earlier Würm, and genetic isolation among secondary refugial areas occurred at the onset of the LGM, then a certain degree of connectedness must have existed among suitable habitats from Greece to the Alps between the two coldest stages (60-22 000 years BP), allowing the ancestors of present lineages to spread across the area. These results suggest that, through interstadial periods, P. mnemosyne survived in widespread, though maybe scattered habitats, which eventually lost their genetic connectivity.
All regions situated north of the Alps and the Carpathians are occupied by one of the three lineages W, EN and EE, with very poor admixing among them (Fig. 1) . The occurrence of just a single lineage in most areas where no suitable habitat was available during LGM (Figs 1c and 4) , implies significant founder-effect during postglacial expansions. Haplogroups found in northern Europe are, in fact, also present in potential refugial areas in the perialpine and Pannonian/Carpathian regions, though they are missing in southern Balkan Peninsula. Our data thus suggest that postglacial colonization of formerly inhospitable areas took place from the northernmost 'leading edge' refugia, and was fast enough to significantly reduce mtDNA diversity of recently populated areas, according to the 'pioneer' model (Nichols & Hewitt 1994; Ibrahim et al. 1996) .
Samples collected in the Pannonian/Carpathian region display a few basal haplotypes included in lineage E and both the ancestral haplotypes of lineages EN and EE (Fig. 1b, c) . Since aforementioned literature indicates that this area was inhabited by temperate species during the LGM, our data can be taken as a clear evidence of postglacial colonization of northeastern Europe by advanced refugia in the Pannonian/Carpathian areas. Such expansion possibly followed two separate routes: a western route involving lineage EN and an eastern route for lineage EE (Fig. 4) .
Post-glacial expansion of lineage W probably started from nearby the Alps with expansion routes heading north, west and east (Fig. 4) . The occurrence of this lineage in the Åland Islands (Finland) is likely a consequence of the colonization through northern Germany and Scandinavia (Björck 1995) . Colonization of western and eastern Scandinavia would have therefore occurred from different refugia, according to a pattern already evidenced in several organisms (e.g. Taberlet et al. 1995; Ferris et al. 1998; Jaarola et al. 1999; Jaarola & Searle 2002) .
Secondary contact after postglacial expansion is a straightforward explanation for the limited admixing of lineages W and E observed across a c. 200 km-wide transect in Central Europe (Figs 1c and 3b) . The estimated divergence time between the two lineages (19 000 years BP) indicate that this pattern results from recent admixture of those populations whose isolation was driven by the onset of the LGM. Hybrid or secondary contact zones are known to occur in the same area among several different species/subspecies or genetic lineages (reviewed in Hewitt 1999 Hewitt , 2004 . Though glacial cycles have been regularly invoked as the historical determinants of such contact zones, inferred divergence times between different lineages span through the whole extent of the Pleistocene (Schmitt & Seitz 2001; Seddon et al. 2001; Ursenbacher et al. 2006) . Even when accurate molecular analyses have been performed, they reckoned upon conventional phylogenetic rates (Kotlík et al. 2006) , so that the importance of the most recent stages may have been underrated. Therefore, though we acknowledge that similar geographical patterns in different species may have been shaped by repeated cycles of climate change (Hewitt 1999; Ursenbacher et al. 2006) , we argue that our results highlight the need for accurate calibration of molecular rates in order to assess the timing and evolutionary significance of any given phylogeographical patterns.
